Analytical explicit solutions are presented for the use of square wave voltammetry (SWV) at disc microelectrodes to study two-electron reversible redox processes. This combines the advantages of SWV (minimization of capacitative effects, peak-shaped response and quick experiments) with those of microelectrodes (reduction of capacitative and ohmic drop effects, enhanced mass transport and measurements of small volumes). Further, the analytical expressions are very easy to implement in comparison with the numerical methods usually employed for simulation of electrochemical experiments at microdisc electrodes. From the theory, the effects of the technique parameters (frequency, pulse amplitude) are examined and procedures are given for the characterization of the redox system from the values of the peak current, peak potential and halfpeak width. Finally, the theory is applied to the experimental study of the two-electron reduction of anthraquinone-2-sulfonate in aqueous media. For this system, the formal potentials of the redox centres in aqueous solutions can be tuned by means of the electrolyte cation.
Introduction
Many important redox systems involve multielectron transfer processes, including biological (DNA, metalloproteins, enzymes, oligonucleotides, . . .), organic and organometallic species. Accordingly, understanding of these systems is essential for development of applications in important fields such as energy conversion, molecular electronic devices, design of new materials and chemiluminescent analytical methods. [1] [2] [3] [4] [5] [6] [7] The electrochemical characterization of multielectron transfers involves the determination of the formal potential of every step as these indicate the thermodynamic stability of the different oxidation states. This can be related to the structure and bonding of the electroactive species as well as to medium effects of solvent and coexisting species. [8] [9] [10] [11] [12] For this purpose, square wave voltammetry (SWV) is very valuable, combining the advantages of differential pulse and scanning voltammetric techniques. 13 Hence, it minimizes undesirable effects relating to charging and background currents and it leads to peakshaped responses. And, as a scanning technique, it enables quick analyses and low consumption of target species.
Furthermore, SWV is recommended when electrodes of micrometric size are employed since the resolution of the peaks can be considerably better than in cyclic voltammetry. 8 Thus, symmetric peak-shaped voltammograms are obtained even under steady state conditions, 14 leading to more precision for the quantitative analysis of the experimental data and so for the extraction of formal potentials. Moreover, we benefit from the well-known benefits of microelectrodes: reduced ohmic drop and capacitative effects, enhanced current density, measurements at very small volumes and short time scales, among others.
Disc microelectrodes are the most commonly used for electrochemical experiments due to their easy fabrication and cleaning. On the other hand, the theoretical treatment usually requires the use of sophisticated numerical methods to solve the corresponding two-dimensional mass transport problem with non-uniform surface gradients. [15] [16] [17] Considering all the above, the development of simple theory for the use of SWV at disc microelectrodes is potentially very valuable. Previously, we have obtained explicit analytical expressions for one-electron transfer processes 18 and for the catalytic mechanism. 19 In this paper, we present easy-to-compute, analytical solutions applicable to two-electron redox processes, that is, for the EE mechanism.
From the expressions obtained, the use of SWV for the characterization of two electron reducible molecules is examined. The effects of the difference between the formal potentials, the frequency, the electrode size and the pulse amplitude are analysed. The results are compared with those expected at spherical microelectrodes. Moreover, procedures for the determination of the formal potentials are discussed on the basis of the values of the peak current, peak potential and halfpeak width of the SWV voltammograms.
Finally, the theoretical results are applied to the study of the two-electron reduction of anthraquinone-2-sulfonate (AQ) in aqueous media on a gold microelectrode. This system follows a reversible 'EE' mechanism and it is very important for mediated oxygen reduction 20 and the catalyzed production of hydrogen peroxide. 21 It has been recently reported that the difference between the formal potentials of the electron transfers can be tuned through the nature of the cation of the supporting electrolyte. 22 Thus, this system enables us to experimentally study a wide range of differences between the formal potentials by simply varying the composition of the electrolyte.
Experimental

Chemical reagents
Anthraquinone-2-sulfonic acid sodium salt monohydrate (AQ, Sigma-Aldrich, 97%), tetramethylammonium hydroxide pentahydrate (TMAOH, Sigma-Aldrich, >97%), tetra-nbutylammonium hydroxide 30-hydrate (TBAOH, Sigma-Aldrich, >99%), ferrocene (Fe(C 5 H 5 ) 2 , Aldrich, 98%), acetonitrile (MeCN, Fischer Scientific, dried and distilled, 99%) and tetra-n-butylammonium perchlorate (TBAP, Fluka, Puriss electrochemical grade, 99%) were all used as received without further purification.
Instrumentation
A computer-controlled m-Autolab potentiostat Type II (EcoChemie, Netherlands) was employed to undertake the SWV experiments with a three-electrode set-up where a gold microelectrode of r d = 14 mm was used as the working electrode, a platinum wire as the counter electrode and a saturated calomel electrode (SCE, Radiometer, Denmark) as the reference electrode. The working electrode was polished before experiments on alumina lapping compounds (BDH) of decreasing sizes (1-0.3 mm) and sonicated in an ultrasound bath for 3 minutes.
The radius of the gold microelectrode was determined electrochemically from the steady-state limiting current of the oxidation of a 2 mM solution of ferrocene in acetonitrile containing 0.1 M TBAP:
A value of the diffusion coefficient of ferrocene in MeCN of D = 2.3 Â 10 À9 m 2 s À1 at 21 1C was adopted. 24 For all the experiments, the solutions of AQ were bubbled with N 2 prior to each experiment and the positive pressure of N 2 was maintained throughout. The value of the diffusion coefficients of the electroactive species reported in the literature under identical conditions 22 was employed in each case.
Theory
Let us consider the reduction of a solution soluble molecule with three possible oxidation states A 1 , A 2 and A 3 , the diffusion coefficients (D) of which are equal. For reversible electrode reactions, the following EE mechanism applies:
where E 0 0 i ði 1; 2Þ are the formal potentials of each redox centre and K is the disproportionation constant for A 2 (see also eqn (9) ). Note that under such conditions (fast electron transfers and equal diffusion coefficients), the side reaction given by eqn (3) does not affect the voltammetric response in any single or multipotential technique. [25] [26] [27] [28] This is the case of many important examples, such as the electrochemical reactions of quinones, alkyl viologens, carotenoids, fullerenes, linear polymers, supramolecular species and dendrimers.
In square wave voltammetry, the potential waveform applied is described in the following way (see Fig. 1 ):
where E s is the potential step in the staircase, E SW is the square wave amplitude and Int(x) is the integer part of the argument x. The current is sampled at the end of each potential pulse and the net current of the mth cycle, DI m , is the difference between the current corresponding to a pulse with an odd index (forward current, I f ) and the signal of the following pulse with an even index (reverse current, I r ), such that the DIÀE square wave voltammetric curve is defined as:
The net current is plotted versus the arithmetic average value of the potentials applied in the mth cycle, which is composed of a pair of pulses (2m À 1, 2m) (see Fig. 3 ):
By following the procedure indicated in the Appendix, the following expression for the current of the pth pulse at electrodes of any geometry (G) is obtained: 
(f being the scan frequency), and q is the coordinate normal to the electrode surface: z for disc electrodes and r for (hemi)spherical electrodes. In the case of disc electrodes, the expression of the function g d (t) is derived from the semiempirical Shoup and Szabo equation:
where r d is the radius of the disc electrode. For (hemi)spherical electrodes with radius r s , the function g s (t) is given by:
Considering the expression obtained for the current of the pth pulse (eqn (7)) and the definition of the response in SWV (eqn (5)) we obtain immediately the following expression for the SWV current of the mth cycle (m = 1, 2,. . .):
In the case of (hemi)spherical electrodes, considering the definition of the function g s (t) (eqn (12)) the expression for the SWV response simplifies to:
Results and discussion
The effect of frequency on the SWV voltammograms of a twoelectron reducible molecule is shown in Fig. 2 for different
1 Þ values at T = 298 K. The responses predicted for disc (solid lines, eqn (11) and (13)) and (hemi)spherical (dashed lines, eqn (12) and (13)) microelectrodes are considered. Fig. 3 shows the corresponding forward and reverse components of the SWV signal for f = 50 Hz at a disc microelectrode.
When the formal potential of the first step is much more positive than that of the second one, DE 0 0 o À200 mV (Fig. 2C) , the intermediate species A 2 is stable and two well-separated peaks are obtained, centred on the formal potential of each process and with the features of one-electron transfer voltammograms. When the DE 0 0 value increases, the stability of the intermediate decreases and the two peaks are closer such that the transition from two peaks to a single peak is observed. Eventually, when the formal potential of the second electron transfer is much more positive than that of the first one, DE 0 0 > 200 mV, the characteristics of the voltammograms are those of a two-electron transfer process ( Fig. 2A) . Note that the resolution and symmetry of the peaks in SWV (as well as in other differential pulse techniques) are better than in linear sweep voltammetry. In addition, SWV offers further reduction of double layer charging and background currents, which enables more precise quantitative analysis of experimental data.
In any case, the position and width of the peaks are not affected by the value of the frequency or by the geometry of the electrode (see embedded graphs in Fig. 2 ) as can be concluded from the analytical expressions presented in Section 3 and the Appendix where the potential and the time-geometrical dependences of the response can be separated. On the other hand, the peak height is affected in the usual way such that the higher the frequency, the greater the peak. The quantification of this variation is considered in Fig. 6 .
Regarding the discrepancies between disc and spherical electrodes, these are more evident as the frequency decreases (i.e. longer potential pulses) and so the differences in the diffusion domains are more apparent.
Another important experimental variable is the size of the electrode. The solutions presented above are applicable to electrodes of any radius and its effect on the SWV voltammograms is analyzed in Fig. 4 for three DE 0 0 values. Note that in all cases a peak shaped response is obtained, which is a significant advantage with respect to cyclic voltammetry where sigmoid voltammograms or less resolved peaks are obtained when microelectrodes are used. This makes the quantitative analysis of the experimental results more complex and less accurate. Moreover, the peak position and peak width are independent of the electrode size, which makes very general the characterization criteria based on these parameters (see below).
As the size of the electrode is decreased, the density current increases together with the difference between the voltammograms at disc and spherical electrodes, the current density being larger at the former. When very small electrodes are employed and steady state conditions are reached, the following expressions are deduced for the stationary SWV voltammograms from eqn (13) and (14):
where O 2m is given by eqn (8) . Hence, when r d = r s the stationary voltammograms at disc and (hemi)spherical electrodes are related by the relationship:
where i is the current density: i = I/A. This journal is c the Owner Societies 2012 According to the above results, the peak current, potential and width are informative about the difference between the formal potentials of the electron transfers and so they are useful for the electrochemical characterization of two-electron redox systems.
Next, criteria and working curves are given for the extraction of the formal potentials of the electron transfer steps. Note that the procedures for the peak potential and width are very general since we have demonstrated above that these parameters are independent of the frequency and the electrode size and shape. These parameters are also found to be scarcely affected by the step potential in the range of E s = 2-10 mV when the electron transfers are reversible.
With respect to the peak potentials, their values are independent of all the technique parameters (including the pulse amplitude) and it is corroborated that they coincide with the peak potential in differential double pulse voltammetry (DDPV) and differential multipulse voltammetry (DMPV). So, the discussion carried out for these techniques in ref. 30 is applicable such that three characteristic potential values can be defined as:
ðbÞ 
with K given in eqn (9) and,
The first root (E I ) is valid for any DE 0 0 value and corresponds to the average value of the formal potentials:
As can be seen in Fig. 2-4 , independently of the DE value is the same in both techniques, independently of the electrode size and geometry, the step potential and the scan frequency. Consequently, these curves give a very general criterion for the characterization of the EE process through W 1/2 .
The half-peak width, W 1/2 , takes a constant value when two separate peaks are obtained, which corresponds to the width A special case is that corresponding to the value DE 0 0 = À35.6 mV (marked with dashed line in Fig. 5) , where the width of the voltammogram is the same as that corresponding to one-electron transfers. This is associated with the absence of interactions between the two redox centres and cannot be distinguished from a one-electron process by the shape of the voltammograms of any electrochemical technique. Accordingly, under these conditions, the study of the peak current is essential for discrimination between the E and EE mechanisms. With this aim, in Fig. 6 working curves are given for the dimensionless peak current, c peak ¼ DI peak =FAc at disc (A, B) and (hemi)spherical (C) electrodes. In all cases, the dimensionless peak current scales (approximately) linearly with the parameter x, as described before for single-electron transfers. 13, 18, 31 The values for the coefficients of the linear relationships c peak = a + bx are given for disc ( Fig. 6B ) and (hemi)spherical (Fig. 6C ) electrodes at typical E SW values. They all give rise to a very satisfactory correlation coefficient in the range of x considered (with R 2 > 0.9999) and they enable easy calculation of the value of the peak current expected for a given DE À35.6 mV, the peak height for the EE mechanism doubles that of the E mechanism, independently of the electrode geometry, the technique parameters (frequency, pulse amplitude) and the voltammetric method. This enables discrimination between both of these cases from the peak height.
The theory presented above has been applied to the study of the two-electron reduction of anthraquinone-2-sulfonate (AQ) in aqueous solutions at a gold disc microelectrode with r d = 14 mm. Tetramethylammonium hydroxide and tetra-nbutylammonium hydroxide in different proportions were used as base and supporting electrolyte. High pH was assured to ensure that the system follows a simple EE mechanism without coupled protonation reactions.
Recently, it has been reported 22 that the tuning of the difference between the formal potentials in this system is possible by means of the composition of the electrolyte. Thus, the semiquinone View Online intermediate is stabilized by ion pairing with the tetra-nbutylammonium cation. This enables us to study a wide range of differences between the formal potentials by simply varying the concentration of TBAOH. In Fig. 7 the experimental and theoretical voltammograms obtained are shown for three different TBAOH/TMAOH proportions. As can be seen, as the TBAOH concentration increases, the response varies from a single peak to a two peak response. The values of the formal potentials were determined from the fitting of theoretical and experimental voltammograms and they are given in Table 1 . These give rise to a satisfactory agreement between theory and experiments (see Fig. 7 ) and they compare well with the data previously reported. 22 
Conclusions
A simple analytical expression has been presented for the study of two-electron reversible redox processes with square wave voltammetry at disc electrodes of any size, including microelectrodes. These have enabled us to analyze the influence on the voltammograms of the technique parameters (frequency, pulse amplitude), the electrode size and shape, and the difference between the formal potentials of the electron transfer steps, DE 0 0 . Several procedures have been discussed for the identification and characterization of the EE mechanism, that is, for the determination of the DE 0 0 value. These are based on the values of the peak potential, the peak current and the half-peak width, parameters that can be determined easily and accurately under transient and stationary conditions. For the peak width, working curves have been given, whereas for the peak current and peak potential analytical expressions have been reported.
The experimental verification of the theory has been carried out through the study of the two-electron reduction of anthraquinone-2-sulfonate (AQ) at gold disc microelectrodes in aqueous solutions. Varying the composition of the supporting electrolyte has enabled us to cover very different situations of DE 0 0 values. In all the cases, a satisfactory agreement between theoretical and experimental results has been obtained. 
